Abstract
the structural complexity of CFRPs [7] . These defects in CFRPs are produced during their manufacturing or in-service performance [8] . Voids, foreign bodies, incorrect fibre volume due to insufficient or excess resin, bonding defects, fibre misalignment, wavy fibres, ply cracking, delamination, and the fracture or buckling of fibres are some examples of defects occurring in CFRPs [8, 9] . These appear randomly in CFRPs. A systematic analysis is therefore necessary in order to evaluate the quality of CFRPs.
Thus the fabrication of CFRPs with defined defects for quality evaluation by destructive and non-destructive methods has received considerable attention [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . Zöcke et al. [15] produced CFRPs with flat bottom holes of different diameters and depths for quantitative evaluation of optical lock-in thermography measurements of CFRPs. The development of CFRPs with defined defects containing Poly Tetra Fluoro Ethylene (PTFE) for comparison of different non-destructive testing methods was described in [16] . In this case, the man-made delamination between different layers of CFRPs was produced with different sizes of PTFE. Kochan [17] developed CFRPs with defined local defects containing aluminum oxide hollow balls and polystyrol balls for ultrasonic and thermographic nondestructive testing. However, all efforts regarding the production of CFRPs containing local defects have been limited to qualitative and quantitative evaluation by non-destructive testing (NDT), ultrasonic testing, thermographic testing, they offer higher relative specific tensile strength and stiffness as well as a weight reduction of up to 70% compared to steel [1, 2] . Different CFRP components currently available on the market are manufactured from textile reinforcing fabrics consisting of carbon fibres built up in layers. Remarkable examples of CFRP components include the series production of the Airbus A350XWB (wing and fuselage are made of CFRPs) and the BMW i series (car bodies of BMW i3 and BMW i8 are made of CFRPs) [3] . Other fastgrowing market sectors with possible applications for CFRPs are wind turbine and marine engineering. Various market studies expect the growth rate of CFRPs to rise from 13% to 17% in the next 10 to 15 years [4, 5] .
Currently a major challenge for this high technology market is the quality assurance of manufactured CFRP components. The BMW Group -the manufacturer of the CFRP-based i-Series -claims that due to internal quality issues, occurring mainly during the different stages of CFRP production, only about half of the CFRP components produced in total are actually utilised [6] . Because of the relatively new and complex manufacturing process, internal quality issues or defects occur in CFRPs.
Defects in CFRPs are classified as minor and major defects. A minor defect is tolerable, while a major defect is intolerable and must be avoided. Major and minor defects are categorised by the defect damage threshold, which depends on DOI: 10.5604/01.3001.0012.5173 n Introduction Lightweight materials have been enjoying growing popularity in various industrial sectors, especially in the aerospace, automotive and mechanical engineering, resulting from, among other things, rising oil and energy prices in the last twenty years. The current focus of lightweight material industries is on fibre-reinforced plastics, particularly on carbon fibre-reinforced plastics (CFRPs), since the eddy current scanning system, x-ray testing, and phase array or sampling phase array technology, for instance.
Developments regarding the delamination of CFRPs made from unidirectional non-crimp carbon fabrics using a pendulum impact tester were reported in [17] . Numerical and experimental trials regarding the critical buckling load of laminated glass fibre-reinforced plastics with strip delamination were investigated in [18] . The effect of the position of the defined local defect and the influence of a defined amount of voids on the mechanical properties of CFRPs was also described in [19, 20] . The comparability of NDT methods in detecting defects strongly depends on the type of defect. Whereas conductive foreign objects, for instance copper (Cu) sheet, can be easily detected with eddy current testing [21] , and non-conductive defects like PTFE foil can only be detected well with ultrasonic methods [14] . However, it is not clear if the effect of these different defects is comparable.
Thus the aim of this research project was to systematically investigate the relationship between different types and sizes of defects and the mechanical performance of CFRPs. In order to establish this relationship, CFRPs with defects of different types and sizes were fabricated. Next mechanical characterisation of CFRPs with and without defects was undertaken by means of tensile, bending and impact tests.
n Experimental
Materials
Unidirectional (UD) non-crimp reinforcing fabrics (NCFs) of carbon rovings (SGL Group, Germany) were selected for this research project due to their excellent mechanical properties in the warp direction compared to other types of reinforcing fabrics, such as woven or knitted fabrics [22] . Furthermore UD-NCFs have been used in the aerospace industries for many years due to their superior mechanical properties [23] . Specifications of the UD-NCFs used are listed in Table 1 [24].
Different types of defects, such as metal and plastic particles, hollow balls, liquid drops, packaging materials, fibre particles and auxiliary materials of impregnation, can be incorporated into CFRPs during the processing stage. In this research project, example defects -Cu sheet (noll electronik, Germany) and PTFE foil (Rump Folien GmbH, Germany) were used. Additionally in order to create the delamination between UD-NCF layers in CFRPs, a liquid defect -separating agent (Mikon ® 700 MC, Münch Chemie International GmbH, Germany) was adopted.
The thickness of Cu and PTFE was 0.03 and 0.05 mm, respectively. The density of the liquid separating agent at 20 °C was 0.78 g/cm 3 . Infusion resin MGS RIMR 135 and hardener RIMH 137 (Hexion, Sokolov, Czech Republic) were utilised as resin systems. Before initiating the impregnation process, the matrix and hardener were mixed at a ratio of 10:3 by weight. The density, flexural strength, tensile strength, compressive strength and impact strength of the resin-hardener mixture applied were 1.18 g/cm 3 , 90 N/mm 2 , 60 N/mm 2 , 80 N/mm 2 and 70 kJ/m 2 , respectively [25] .
Fabrication of CFRPs with defined defects
In order to fabricate CFRPs with different defects, UD-NCF was cut to 300×600 mm 2 , which is an appropriate size for samples in the process of mechanical characterisation. In order to achieve the required thickness of the CFRP, i.e. 2 mm during mechanical testing, six layers of UD-NCFs were used during impregnation. The size of the defects was varied in order to reveal the change in mechanical performance of the CFRP. Hence the Cu sheet and PTFE foil were tailored to the size of 1×1, 2×2, 3×3 and 6×6 mm 2 . As the separating agent is naturally liquid, it was applied between the layers of UD-NCFs using a brush on hard paper. The hard paper was cut to the same size as the Cu and PTFE. The Cu, PTFE and liquid separating agent in the dimensions mentioned above were placed in the middle of the six layers of UD-NCFs parallel to the fibre length direction. A representative laying of the defect in the middle of the test sample is shown schematically in Figure 1 .
Moreover UD-NCFs were arranged perpendicular to a metal mould and in parallel to each other during the laying process, consequently all carbon fibres were tensioned in the same direction during mechanical characterisation. The impregnation of UD-NCFs with defined defects was executed by means of the Seemann Composites Resin Infusion Molding Process (SCRIMP). A systematic representation of the fabric laying and impregnation process is shown in Figure 2 . Details of the SCRIMP process can be found in [26] . In order to compare the change in mechanical performance of CFRPs with defects to those without defects, 6 layers of UD-NCF without defects were impregnated as well. A CFRP without defects was defined as the reference.
After the impregnation, the treated UDNCFs were cured in an oven at 50 °C for 15 hours. After curing, the CFRP was tailored to the required size in accord- ance with mechanical testing standards (c.f. Table 2 ) by means of a laboratory wet saw.
Mechanical characterisation
In order to investigate the influence of defects of different types and sizes on the strength, stiffness and brittleness of CFRPs, mechanical characterisation was undertaken by means of tensile, bending and impact tests. The tensile and bending tests were performed using the testing machine Zwick Z 100 (Zwick GmbH & Co. KG, Germany). The testing device with a test setup for tensile and bending testing is shown in Figure 3 . n
Results and discussion
The results of tensile, bending and impact testing are described for both reference CFRPs and CFRPs with defects in this section. In addition, the loss of mechanical performance of CFRPs with defects depending on their type and size is discussed and compared to the performance of reference CFRPs. [19] . 
Tensile tests
Results of the tensile tests of reference CFRPs and CFRPs with defects of different types and sizes are shown in Figure 4 .
As displayed in Figure 4 , the maximum tensile strength occurred in the case of reference CFRPs. A tendency towards a slight reduction in tensile strength with an increasing size of defects is apparent in Figure 3 .
The size of the defect influenced the results of the tensile tests. Since the defect was very small in comparison to the sample size, the tensile strength of reference CFRPs and that of CFRPs with a defect the size of 1×1 mm 2 were almost the same for all types. The CFRP produced with a 6×6 mm 2 defect showed less tensile strength than that containing a defect with a size of 1×1 mm 2 . This resulted from the greater size of the defect interrupting adhesion between the fibre and matrix to a greater degree, thus causing delamination. The delamination affected load transmission from the matrix to fibres, and consequently the material strength was reduced. Some deviations can be seen in Figure 4 , which presumably resulted from manual processing. Figure 4 gives a comparison of the loss in tensile strength of CFRPs with different types of defects. Due to the surface or chemical state of the defects and the interfacial interaction between the matrix and defects, the loss of tensile strength of CFRPs varies with the types of defects. The tendency of tensile strength loss is almost the same for Cu and PTFE, which is due to the planar solid state of Cu and PTFE. However, PTFE is an almost inert component in contact with epoxy resin, while the metal surface can form strong mechanical or even chemical-in-nature bonds with the epoxy resin. Probably because of the very small size of defects compared to CFRPs, the comparative tensile strength loss is almost similar to that of CFRPs with Cu and PTFE. It is also observed that the thickness difference between Cu and PTFE has very little influence on the results observed since the thickness difference between them is very small compared to CFRPs as well as to the length and width of Cu and PTFE.
It can be seen that the application of a separating agent has a much greater influence on the tensile strength of CFRP. Not only is the strength for the applied area size much more reduced than for the other two defects, due to the liquid state of the separating agent, it also penetrates into the UD-NCF layers and prevents the resin from bonding these layers. Therefore it generates a much bigger defect volume.
Based on these discussions, it can be concluded that the separating agent and defect with a size of 6×6 mm 2 harm the ten- Full, partial and no-breakage -these are the three types of sample breakage occurring in impact tests according to DIN EN ISO 179-1. All samples evaluated within this research project exhibited a complete rupture after the impact test. As an example, a sample of Cu after an impact test is shown in Figure 9 .
n Conclusions
The aim of this research project was to conduct a mechanical characterization of CFRPs. In order to achieve this goal, CFRPs were fabricated with different defects associated with their different sizes.
strength of CFRPs with a defect showed the same tendency as the tensile tests. In this case, the flexural strength of CFRPs with integrated Cu, PTFE and separating agent decreased in an exponential manner. However, some deviations in the case of CFRPs with defects are presented in Figure 6 . This can be attributed to the displacement of the defects during impregnation on one hand, and a lack of precision during the tailoring of the CFRPs on the other.
The results for the flexural strength remain in the range of 870 to 970 MPa, and the size and type of the defect had a significant impact on the bending behavior of CFRPs. After completion of the bending tests, the sample broke completely.
As an example, a CFRP with integrated copper after a bending test is shown in Figure 7 .
sile strength of CFRP the most. Here the tensile strength of reference CFRPs and CFRPs with defects of all types were fitted exponentially.
The tensile tests performed revealed in the case of defects of all sizes and types (Cu, PTFE and separating agent) that rupture occurred at the place of the inserted defects in the test specimen. The defects -situated between the fabric layers in CFRPs -interrupted the adhesion between the matrix and reinforcing fibres. Thus rupture occurred at the place of the defects in CFRPs. As an example of these types of defects, the breakage of Cu after the tensile test is shown in Figure 5 .
Bending tests
Results of the bending tests of CFRPs performed in terms of flexural strength are shown in Figure 6 . The flexural In order to reveal the effect of the type and size of defect on the strength, stiffness and brittleness of the CFRPs, tensile, bending and flexural tests were performed, and results were compared to those of reference CFRPs. Essentially we can conclude that the qualitative effects of defects on the mechanical properties of CFRPs were determined. The next step will be to use this knowledge for a simulation model of defects in CFRPs. 
